The interpenetration and interaction of supersonic, magnetized tungsten plasma flows has been directly observed via spatially and temporally resolved measurements of the Thomson scattering ion feature. A novel scattering geometry allows independent measurements of the axial and radial velocity components of the ions. The plasma flows are produced via the pulsed power driven ablation of fine tungsten wires in a cylindrical wire array z pinch. Fits of the data reveal the variations in radial velocity, axial velocity, and temperature of the ion streams as they interpenetrate and interact. A previously unobserved increase in axial velocity is measured near the array axis. This may be the result ofṽ ×B bending of the ion streams by a toroidal magnetic field, advected to and accumulated about the axis by the streams. Collisions between supersonic plasma flows are ubiquitous in astrophysical plasmas, and form the focus of a number of recent experiments in the fields of high energy density physics and laboratory astrophysics [1] . Experiments investigating the interactions of flows driven by high energy lasers [2] have been conducted at a number of facilities in order to study the formation of collisionless shocks through the development of various plasma instabilities [3-6] (e.g., Weibel) and the resulting self-organized field structures [7] . Even in situations where the plasma flows are reasonably collisional, interpenetration may have important effects, for example, on the structure of the shocks formed in the hohlraums used in inertial confinement fusion or on stagnation processes in z-pinch implosions. The presence of magnetic fields embedded in colliding flows [8] , whether self-generated [9] or externally imposed, introduces further complications; these fields can be frozen into the flows, allowing even relatively weak magnetic fields to produce dynamically significant effects, e.g., on the formation of shocks. The dynamics of magnetized flows have particular relevance to the study of magnetic reconnection [10, 11] and the dynamics of accretion disks [12] . Progress has been made towards magnetizing laser driven flows [13, 14] ; however, this is not a trivial step [8] .
The interpenetration and interaction of supersonic, magnetized tungsten plasma flows has been directly observed via spatially and temporally resolved measurements of the Thomson scattering ion feature. A novel scattering geometry allows independent measurements of the axial and radial velocity components of the ions. The plasma flows are produced via the pulsed power driven ablation of fine tungsten wires in a cylindrical wire array z pinch. Fits of the data reveal the variations in radial velocity, axial velocity, and temperature of the ion streams as they interpenetrate and interact. A previously unobserved increase in axial velocity is measured near the array axis. This may be the result ofṽ ×B bending of the ion streams by a toroidal magnetic field, advected to and accumulated about the axis by the streams. Collisions between supersonic plasma flows are ubiquitous in astrophysical plasmas, and form the focus of a number of recent experiments in the fields of high energy density physics and laboratory astrophysics [1] . Experiments investigating the interactions of flows driven by high energy lasers [2] have been conducted at a number of facilities in order to study the formation of collisionless shocks through the development of various plasma instabilities [3] [4] [5] [6] (e.g., Weibel) and the resulting self-organized field structures [7] . Even in situations where the plasma flows are reasonably collisional, interpenetration may have important effects, for example, on the structure of the shocks formed in the hohlraums used in inertial confinement fusion or on stagnation processes in z-pinch implosions. The presence of magnetic fields embedded in colliding flows [8] , whether self-generated [9] or externally imposed, introduces further complications; these fields can be frozen into the flows, allowing even relatively weak magnetic fields to produce dynamically significant effects, e.g., on the formation of shocks. The dynamics of magnetized flows have particular relevance to the study of magnetic reconnection [10, 11] and the dynamics of accretion disks [12] . Progress has been made towards magnetizing laser driven flows [13, 14] ; however, this is not a trivial step [8] .
In this Letter we present the first detailed measurements of the collision, interpenetration, and stagnation of the supersonic, cylindrically convergent, magnetized plasma flows produced by the ablation of tungsten wire array z pinches [see Figure 1 (a) for geometry] [15] . The experiment concentrates on the early stages of ablation stream interactions, when the ion-ion mean free paths between counterpropagating flows are large and therefore the flows behave noncollisionally [16] [17] [18] . These flows are magnetized by the z-pinch drive current [19, 20] , and are characterized by magnetic Reynolds numbers (Re m ∼ 20), large enough to ensure that this field is advected with them.
The Thomson scattering (TS) measurements presented in this Letter clearly demonstrate not only the interpenetration, deceleration, and heating of the counterpropagating plasmas, but also the axial redirection of the ions in the streams as they approach the axis. What makes this previously unobserved phenomenon particularly interesting is that the ions are deflected towards the anode end of the array, i.e., in the opposite direction to the applied electric field. The data are consistent with the deflection of the ion trajectories by a toroidal magnetic field which builds up about the axis due to the stagnation of the electron component of the plasma into which it is frozen.
The experiments were conducted using the Magpie (240 ns, 1.4 MA) [21] pulsed power generator at Imperial College London. The wire array loads consisted of eight 18 μm diameter tungsten wires, 20 mm long, distributed evenly about a 16 mm diameter. Measurements were taken 120 ns after current start.
The TS diagnostic [22, 23] was used to measure the ion feature of the collective TS spectrum, which is sensitive to the flow velocity and temperature of the plasma. For these experiments the scattering geometry was modified from that employed previously [see Figure 1 (b) and 1(c) for diagrams]. The TS probe beam (8 ns, 3 J, 532 nm) propagates in the r-z plane, crossing the axis at the center of the array, at an angle 22.5°from the axis; TS measurements are taken in the same plane, at θ ¼ 45°and 135°e
ither side of the probing beam. This geometry allows separate measurements of the radial (v r ) and axial (v z ) components of the ion flow velocity [note that the axial and radial scattering vectors, jk s j ¼ 2jk i j sinðθ=2Þ, have different magnitudes in this geometry ðjk sz j=jk sr j ¼ 2.4Þ, and thus different TS Doppler shift sensitivities
Scattered light is collected from seven discrete scattering volumes, evenly spaced across 3.3 mm of the array diameter, and imaged onto a pair of linear fiber-optic arrays positioned at the two collection angles. The fiberoptic arrays each consist of 7 fibers (200 μm fiber diameter, 390 μm separation, 2.34 mm overall length); the light they collect is coupled to a time gated ANDOR imaging spectrometer (0.5 m, 2400 line=mm, δλ ¼ 0.5 Å). Alignment is performed under vacuum prior to the experiment by scattering the probe beam off a movable metal pin (100 μm), guaranteeing that the two fiber arrays collect TS signals from the same plasma volumes. Simultaneous endon laser interferometry [15, 24] [500 ps, 500 mJ, 355 nm, e.g., Figure 1 (a)] produces axially averaged r − θ electron density (n e ) maps of the plasma.
Figure 2(a) shows the raw TS spectrogram; the vertical and horizontal axes correspond, respectively, to the distance along the spectrometer input slit and the direction of spectral dispersion. The 14 horizontal bands correspond to the individual spectra collected by each fiber, the top seven to the fibers sensitive to v r (45°scattering), the bottom seven to the fibers sensitive to v z (135°scattering). Figure 2 (b) shows the n e distribution, extracted from an end-on interferogram captured simultaneous to the TS measurement, showing the azimuthally smooth "interaction region" [15] extending out to r∼ 1.5 mm. The seven radial positions from which the TS spectra were collected are marked on this plot by red rings (the initial wire positions are marked by filled red dots). The outermost collection volumes are at r ¼ 1.65 mm either side of the array axis, such that the TS measurements cover the entire interaction region. Figure 3 (a) contains profiles extracted from the raw TS data (black, solid lines). These were calculated by summing the pixel intensities across the spatial width of each fiber and subtracting any background continuum selfemission (dotted blue lines show the unshifted probe calibration spectrum).
Qualitative inspection of the radial TS spectra reveals direct evidence of flow interpenetration. Each of the spectra [ Figure 3 (a)] appears to consist of two superimposed TS peaks. The outermost spectra (at r ¼ AE1.65 mm) are almost mirror images of one another; each consists of a narrow-width (Δλ), strongly Doppler-shifted (δλ D ) peak superimposed over a broad, relatively unshifted distribution. The narrow peaks correspond to incoming ablation flows; these flows have large bulk radial velocity v r and relatively low T i leading to the large δλ D and small Δλ, respectively. The broad, unshifted distributions correspond to scattering from flows that have already passed through the axis. These flows have partially stagnated, which accounts for their smaller jδλ D j and larger Δλ. Scanning through the spectra from other radial positions reveals a continuous evolution of the TS spectrum. As they approach the axis, the jδλ D j of the two peaks decreases, and Δλ increases, which corresponds to decreasing v r and increasing T i . On axis the radial spectrum is approximately symmetric; the two peaks have the same Δλ and equal but opposite δλ D . These trends indicate that although the flows interpenetrate, they are not fully collisionless; the flows appear to stagnate over a range equal to the diameter of the interaction region, ∼3 mm.
Inspection of the axial spectra reveals that the ablation flows acquire significant axial velocity v z as they approach the array axis. As far as we are aware, this phenomenon has never before been observed in any wire array z-pinch experiment. The spectra from the outermost fibers are centered near δλ D ∼ 0, corresponding to a very small net v z ; this is as expected, since the force geometry in a z-pinch configuration should lead to mostly radial ablation flows. Closer to the array axis, however, the centers of the spectral peaks shift strongly towards negative δλ D . This shift, which peaks on axis, corresponds to an increasing v z towards the anode. This measurement of radially increasing v z is highly reproducible. Given the direction of this axial velocity (opposite to applied electric field), it seems likely that the origin of the effect is magnetic (discussed in detail later).
The Δλ of the axial spectra behave in a similar manner to those of the radial spectra, providing strong evidence that the observed broadening is due to an isotropic increase in the T i of the plasma, and not simply to the superposition of many plasma streams in the r-θ plane (i.e., an effective temperature). In Figure 3 (a) the axial spectra are broader than the radial spectra, but this is in fact due to the difference in magnitude between the two scattering vectors; the Δλ of the two spectra actually correspond to the same values of T i .
The measured spectral profiles were fitted using the equations for the nonrelativistic, Maxwellian TS form factor [25] , Sðk; ωÞ:
This equation sums the effects of the electrons and multiple ion populations (labeled j), each of which may have a separate velocity and temperature; f eo and f jo are the Maxwellian velocity distribution functions and χ e and χ j are the susceptibilities for the electron and ions, respectively, ϵ is the total permittivity of the plasma, n j and Z j are the density and average ionization of each ion population, and n i is the total ion density. The plasma was modeled as consisting of two counterpropagating ion populations (henceforth "streams") (j ¼ 1; 2), each described by a set of independent parameters, n j , T j , v rj , and v zj . Since the electron thermal velocity is much larger than the plasma flow velocity, the electrons were treated as a single fluid with a single temperature T e , and the two streams were assigned the sameZ j based on the assumption that ionization processes are dominated by electron-ion collisions. Variations in T e andZ within reasonable ranges had little effect on the ion feature. The values of these parameters were therefore set at T e ¼ 20 eV andZ ¼ 6, based on previous estimates [15] . The electron density n e , measured via interferometry [ Figure 2(a) ], was used to constrain n iZ . For each scattering volume, the radial and axial spectral profiles were calculated and fitted simultaneously, the only difference between the two calculations being the flow velocity components (v rj or v zj ) and scattering vectors (k sr or k sz ) used. The plasma parameters were varied in order to produce the best fit to each pair of measured TS spectra; the results are plotted as red dashed lines in Figure 3(a) . The fits match the data well, especially given the constraints applied to the model used to calculate them. Figure 3(b) shows plots of the radial dependence of the dominant fitting parameters for each stream. Radii to the left of the axis are denoted negative in these plots in order to simplify discussion. Errors in the determination of the plasma parameters were estimated by assessing the range over which an acceptable fit could be produced. The errors in the determination of v r and v z were AE1 × 10 4 and AE5 × 10 3 ms −1 , respectively (axial scattering has greater sensitivity). Errors in the determination of T i were AET i =6. The error ranges do not significantly impact the overall trends shown in Figure 3 
. TS measurements taken simultaneously over a range of radii therefore actually correspond to a range of flow launch times. The E T observed on axis, 53 keV, implies an initial v r ∼ 2.4 × 10 5 ms −1 , assuming no energy loss to ionization or radiation. The large T i values measured in this experiment are consistent with the defocusing of the ablation streams and formation of the azimuthally smoothed region observed near the array axis [15] ; at T i ¼ 20 keV the ion thermal velocity on axis v Th ∼ 1 × 10 5 ms −1 is comparable to both v r and v z , and should drive significant divergence of the stream. The ion-ion mean free path required to explain the observed heating is ∼3 mm.
The large T i values measured imply that the ions are unable to cool. Efficient ion cooling requires rapid transfer of ion thermal energy to the electrons. For the parameters discussed above the ion-electron equilibration time τ i-e ϵ [26] is ∼50 ns. At v r ∼ 1 × 10 5 ms −1 the ions would travel 5.5 mm over this time scale, further than the 3 mm diameter of the interaction region; equilibration is therefore quite slow. Earlier in time, when the density of the plasma is lower, τ i-e ϵ will be even larger, leading to even slower equilibration. This is consistent with previous measurements of the formation dynamics of dense precursors, which appear later in the ablation phase of wire arrays z pinches. These are thought to be formed by the rapid, nonlinear, radiative collapse of the earlier broad axial distribution of plasma [16, 17] triggered by the onset of rapid ion-electron equilibration. For the experimental setup used in these experiments, precursor collapse occurs ∼ 30-50 ns after the time of measurement.
The most likely explanation for the observed magnitude and direction of the v z on axis is that it is the result of the deflection of the ion trajectories by a static magnetic field accumulated in the interaction region. This explanation is not only consistent with the otherwise counterintuitive anodewise direction of v z , but also with the decrease in v z seen after each stream has passed through the axis (as the direction of theṽ ×B force should reverse). The magnetic Reynolds number, Re m ¼ Lv=η, describes the relative importance of magnetic advection and diffusion in dynamic structures; the magnetic diffusion of interest is perpendicular to the field, so the magnetic diffusivity η is calculated using the transverse Spitzer resistivity [27] ,
. Using a Coulomb logarithm of λ c ∼ 6 [28] ,Z ¼ 6 and T e ¼ 20 eV results in η ∼ 35 m 2 s −1 . Taking the system scale size L as the scale length of the ablation flows (i.e., the array radius), 8 mm, and the scale velocity v as the flow velocity seen on axis, 1 × 10 5 ms −1 , leads to Re m ∼ 23, indicating that the ablation streams are advecting the global magnetic field to the axis, consistent with previously reported observations [19, 20] . The large Re m also implies that the field embedded in the radially converging flows should stagnate on the axis. The direction of this stagnated field would produce aṽ ×B force which would steer incoming ions towards the anode and outgoing ions towards the cathode, matching our observations. The magnetic diffusion time, τ DM ¼ L 2 =η, describes the typical time scale for resistive diffusion of the magnetic field across length scale L. Setting L ∼ 1 mm gives τ DM ∼ 30 ns, the time scale for the diffusion and dissipation of the magnetic field over the radius of the interaction region. This period is long enough to allow the buildup of an enhanced static magnetic field in the vicinity of the axis (note that η was calculated using T e ¼ 20 eV; T e on axis may be higher, leading to even larger τ DM ).
On axis, the measured ion velocity components indicate that the ion flows are deflected by ∼ 45°. This degree of deflection would be expected to occur over a distance ∼r i = ffiffi ffi 2 p , where r i is the ion gyroradius. Equating this distance to the interaction region radius (r ¼ 1.65 mm) and rearranging produces an estimate forZB of ∼ 130 T. Our previous estimate ofZ ¼ 6 then suggests a toroidal magnetic field of ∼ 22 T. The presence of a toroidal magnetic field about the axis implies there must be current flowing on axis; the net current required to produce 20 T at r ¼ 1 mm is I ¼ 2πrB=μ 0 ∼ 100 kA. If the field is this strong, it may be possible to measure its structure directly using optical Faraday rotation techniques currently under development.
The data and analysis presented in this Letter represent the first direct measurements of the collision, interpenetration, and stagnation of cylindrically convergent, high Mach number, magnetized plasma flows. AZ of ∼12 is required in order to reproduce the observed ∼3 mm stagnation length using the classical mean free path [26] ; this is larger than previously estimated [15] . Direct measurements ofZ are needed to assess the importance of anomalous scattering; however, the two stream and Weibel instabilities are unlikely to be important as both saturate for T i ≫ 0.27ZT e [29] . The strength of the inferred magnetic field is sufficient only to deflect the ions, not fully magnetize them, suggesting that magnetized instabilities are also unlikely to be important.
The measurements also show a deflection of the ablation streams towards the anode as they approach the array axis; this is a novel observation, likely caused by a LorentzJ ×B force acting on the ions due to their interaction with a static magnetic field which builds up about the axis. Further work is required in order to confirm the presence of this magnetic field to and properly understand its formation and structure. The quantitative and detailed nature of these measurements makes them ideally suited for code verification and model validation exercises. It should be noted, however, that the deflection and interpenetration dynamics observed will not be reproduced using the fluid magnetohydrodynamics approaches typically used to model wire array dynamics; particle-in-cell or hybrid techniques will be required in order to properly reproduce the experimental results.
